processes
Article

Secreted Trimeric Chikungunya Virus Spikes from Insect Cells:
Production, Purification, and Glycosylation Status
Tessy A. H. Hick 1 , Corinne Geertsema 1 , Maurice G. L. Henquet 2 , Dirk E. Martens 3 , Stefan W. Metz 1
and Gorben P. Pijlman 1, *
1

2

3

*



Citation: Hick, T.A.H.; Geertsema, C.;
Henquet, M.G.L.; Martens, D.E.;
Metz, S.W.; Pijlman, G.P. Secreted
Trimeric Chikungunya Virus Spikes
from Insect Cells: Production,
Purification, and Glycosylation
Status. Processes 2022, 10, 162.
https://doi.org/10.3390/pr10010162

Laboratory of Virology, Wageningen University and Research, 6708PB Wageningen, The Netherlands;
tessy.hick@wur.nl (T.A.H.H.); corinne.geertsema@wur.nl (C.G.); metzs@ebsi.com (S.W.M.)
Business Unit Bioscience, Wageningen University and Research, 6708PB Wageningen, The Netherlands;
maurice.henquet@wur.nl
Bioprocess Engineering, Wageningen University and Research, 6708PB Wageningen, The Netherlands;
dirk.martens@wur.nl
Correspondence: gorben.pijlman@wur.nl

Abstract: Chikungunya virus (CHIKV) is a rapidly emerging mosquito-borne virus that causes a
severe febrile illness with long-lasting arthralgia in humans. As there is no vaccine to protect humans
and limit CHIKV epidemics, the virus continues to be a global public health concern. The CHIKV
envelope glycoproteins E1 and E2 are important immunogens; therefore, the aim of this study is
to produce trimeric CHIKV spikes in insect cells using the baculovirus expression system. The
CHIKV E1 and E2 ectodomains were covalently coupled by a flexible linker that replaces the 6K
transmembrane protein. The C-terminal E1 transmembrane was replaced by a Strep-tag II for the
purification of secreted spikes from the culture fluid. After production in Sf9 suspension cells (product
yields of 5.8–7.6 mg/L), the CHIKV spikes were purified by Strep-Tactin affinity chromatography,
which successfully cleared the co-produced baculoviruses. Bis(sulfosuccinimidyl)suberate crosslinking demonstrated that the spikes are secreted as trimers. PNGase F treatment showed that the
spikes are glycosylated. LC–MS/MS-based glycoproteomic analysis confirmed the glycosylation and
revealed that the majority are of the mannose- or hybrid-type N-glycans and <2% have complex-type
N-glycans. The LC –MS/MS analysis also revealed three O-glycosylation sites in E1. In conclusion,
the trimeric, glycosylated CHIKV spikes have been successfully produced in insect cells and are now
available for vaccination studies.
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1. Introduction
Chikungunya virus (CHIKV) is a mosquito-borne alphavirus that causes a severe
febrile illness in humans. The disease is characterized by an acute stage of rash, high fever,
and potentially chronic polyarthralgia [1]. As the chronic stage can persist for weeks or
even years, the disease has a serious social and economic impact on patients. Over the
last few years, the number of CHIKV patients increased as disease outbreaks expanded
across the globe from Africa to Asia, the Americas, and Europe [2]. Further expansion
of the endemic region is expected because of the increasing geographical distribution of
mosquito vectors that are competent for CHIKV transmission. The expanding spread and
impact of the viral infection highlight the need for an effective CHIKV vaccine. Despite
many attempts, no licensed vaccine is available yet and few are in clinical testing [3,4].
A promising vaccine strategy to contain the spread of CHIKV is the use of the baculovirus expression vector system (BEVS) to produce proteinaceous CHIKV vaccine antigens. BEVS allows for the rapid production of large, complex folded and post-translation
modified proteins in insect cells [5–7]. As these cells can be cultured in scalable bioreactors
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and generate high product yields, the system is suitable for the large-scale production of
vaccines [8–11]. Recombinant baculoviruses have previously been developed to produce a
preclinical CHIKV virus-like particle (VLP) vaccine, which induced a protective neutralizing antibody response in mice after a single shot without adjuvant [12]. Unfortunately, the
development of a cost-effective downstream process for this VLP vaccine was challenging
as the size and biochemical properties of the contaminating, co-produced baculoviruses
(30–60 × 250–300 nm) were comparable to the VLP product (70 nm). A soluble secreted
CHIKV envelope subunit antigen resolved this problem, but this antigen was less immunogenic as it lacks the correct polyprotein conformation and subsequent epitope presentation
required for the induction of highly neutralizing antibodies [13]. To retain the immunogenicity of the VLP and the ease of purification of the subunit, we designed a novel BEVS-derived
CHIKV protein vaccine based on secreted trimeric spikes. These spikes are smaller than
VLPs and have no lipid envelop, but they have the same immunodominant viral epitope as
the spikes on the wildtype virus [14].
The native CHIKV expresses its structural genes as a polyprotein (C-E3-E2-6K-E1)
from which capsid (C) is autocatalytically cleaved. The envelope (glyco)proteins (E3-E26K-E1) are translocated to the endoplasmic reticulum (ER) and assemble as precursor
heterodimer E3-E2-6K-E1 anchored in the ER membrane. In the ER, cellular signalases
cleave 6K, resulting in the immature E3E2-E1 heterodimer [15]. This immature heterodimer
is transported to the Golgi compartment and trimerized to form spikes [16]. Thereafter, the
trimeric spike complexes mature further by the cellular furin cleavage of E3 [17–19]. The
mature trimeric spikes are translocated to the plasma membrane where they are exposed
as fusogenic transmembrane complexes until the nucleocapsid (viral RNA complex with
the capsid protein) drives the budding of progeny enveloped virions.
In this study, we describe the development of a trimeric CHIKV spike vaccine antigen
using BEVS in insect cells. Whereas the VLP vaccine encodes the entire structural cassette
(C-E3-E2-6K-E1), the spike vaccine encoded a truncated and modified segment (E3-E2∆TMlinker-E1∆TM). Recombinant baculoviruses were generated to express CHIKV spikes
(Ac-Spike) or spikes with a furin cleavage site mutation (Ac-Spike ∆F) to maintain a prefusion state. Both spikes were Strep-tagged and expressed in adherent and suspension
insect cells. The secreted spikes were purified from the culture fluid and analyzed for
trimerization and glycosylation status.
2. Materials and Methods
2.1. Cells and Viruses
Adherent Spodoptera frugiperda 21 (Sf21) cells (Invitrogen, Waltham, MA, USA) were
maintained as a monolayer in Grace’s Insect Medium (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen). Sf9 suspension cells (Invitrogen)
were cultured in Sf-900 II serum-free medium (Gibco) supplemented with 1% penicillin
streptomycin (P/S, Gibco) in shake flasks (Nalgene, Rochester, NY, USA) at a shaking
frequency of 100 RPM. Adherent Sf9 easy titration (Sf9-ET) cells [20] were maintained in
Sf-900 II medium (Gibco) supplemented with 5% FBS (Invitrogen), 50 µg/mL Gentamicin
(Gibco), and 100 µg/mL G418 Geneticin (Gibco). All cells were incubated at 27 ◦ C.
Recombinant baculoviruses expressing secreted CHIKV spikes were generated using the Bac-to-Bac expression system. The CHIKV S27 E3E2 and E1 ectodomains were
connected by a glycine–serine linker ((GGGGS)4 ), coupled to a Step-tag II sequence at the
C-terminus, and flanked by attB sites for Gateway cloning (Figure S1). Additionally, a mutated furin cleavage site fragment was generated by an E3 R65A mutation. The fragments
were cloned into the pDONR207 plasmids (Invitrogen), transferred to the pDEST8 plasmids
(Invitrogen), and finally transposed into the Autographa californica multiple nucleopolyhedrovirus (AcMNPV) bacmid backbone. The recombinant baculovirus backbones were
transfected into Sf21 cells using ExpresS2 transfection reagent (ExpreS2 ion Biotechnologies,
Hørsholm, Denmark), resulting in recombinant baculoviruses expressing secreted spikes
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(Ac-Spike) and secreted furin cleavage site mutant spikes (Ac-Spike ∆F). Baculovirus titers
were determined by end-point dilution assays using Sf9-ET cells.
2.2. Recombinant Protein Production and Purification
The CHIKV spike and spike ∆F complexes were produced in Sf21 adherent and Sf9
suspension cells after infection of the Ac-Spike and Ac-Spike ∆F. Sf21 cells were infected
at 60% confluency with a multiplicity of infection (MOI) of 5 TCID50 /cell in serum-free
Grace’s medium supplemented with 1% P/S. Sf9 suspension cells were infected at a cell
concentration of 2 × 106 cells/mL with a MOI of 0.01 TCID50 /cell in serum-free Sf-900 II
medium supplemented with 1% P/S in 125 mL shake flasks with a working volume of
25 mL. Cell suspensions were harvested and centrifuged (1500× g, 5 min) to separate the
medium and cell fraction. The cell fraction was dissolved in phosphate-buffered saline (PBS)
for protein analysis. The medium fraction was acetone precipitated for Western blotting,
or stored as supernatant for Strep-Tactin affinity column purification, furin cleavage site
analysis, PNGase F treatment, or baculovirus titrations.
The Strep-tagged spikes and spikes ∆F were purified by their high selective affinity
to Step-Tactin. The protein extract in medium fractions was filtered (0.2 µm filter Sartorius Stedim), loaded on a Strep-Tactin affinity column (Strep-Tactin XT Starter Kit (IBA
Lifesciences, Gottingen, Germany)) and eluted in three fractions according to the manufacturer’s protocol. The collected elution fractions were used for baculovirus titrations,
bis(sulfosuccinimidyl)suberate cross-linking, Western blotting and LC–MS/MS-based glycoproteomic analysis.
2.3. Furin Cleavage Site Analysis
The mutation in the spike ∆F sequence was analyzed by polymerase chain reaction (PCR) on the recombinant baculovirus DNA using specific CHIKV E3E2 forward
(50 - ATGAGTCTTGCCATCCCAGTTATGT-30 ) and reverse (50 -CTCATAATAGTACAAGAT
TATCTCA-30 ) primers. The PCR product was digested with NheI restriction enzyme (New
England Biolabs, Ipswich, MA, USA) and loaded on agarose gel to verify the mutation in
the furin cleavage site.
2.4. PNGase F Treatment
Protein glycosylation was verified by PNGase F treatment (New England Biolabs),
which removes high-mannose, hybrid, and complex N-glycans from glycoproteins. Medium
fractions were treated with a denaturing buffer (95 ◦ C, 10 min), followed by incubation
with glycobuffer G7, NP-40 buffer, and PNGase F in MQ for 2 h at 37 ◦ C. Both the untreated
medium samples, and those treated with PNGase F, were analyzed using Western blotting.
2.5. Bis(Sulfosuccinimidyl)Suberate Cross-Linking
Bis(sulfosuccinimidyl)suberate (BS3) cross-linking was performed to determine the
oligomeric state of the BEVS-expressed CHIKV spikes. The recombinant proteins were
incubated at room temperature in the presence of 2.5 or 5 mM BS3 (Thermo Fisher Scientific,
Waltham, MA, USA) for one hour. Thereafter, 1 M Tris-HCl pH 8.0 was added in a final
concentration of 50 mM to stop the cross-linking reaction. The cross-linked samples were
analyzed using Western blotting.
2.6. Western Blotting
To analyze the expressed proteins, the samples were first denatured by incubation in
loading buffer containing β-mercapto-ethanol or DTT (95 ◦ C, 5 min). Subsequently, the
proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and stained using Coomassie Brilliant Blue (CBB) staining or transferred to an
Immobilon-P membrane (Millipore, Burlington, MA, USA) for Western blot analysis.
Baculovirus and CHIKV proteins were visualized by colorimetric Western blot detection. The protein membranes were blocked in 1% skimmed milk in PBS with 0.05%
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Tween 20 (PBST, Sigma, St. Louis, MI, USA) for one hour. Thereafter, the membranes were
incubated with rabbit polyclonal α-CHIKV E2∆TM (1:20,000), rabbit polyclonal α-CHIKV
E1∆TM (1:15,000), or mouse polyclonal α-baculovirus GP64 (1:1000) antibodies diluted in
blocking buffer for one hour. The coated membranes were washed 3 × 5 min with PBST
and subsequently incubated in alkaline phosphatase (AP)-conjugated goat α-rabbit IgG
(1:2500) (Dako) or AP-conjugated goat α-mouse IgG (1:2500) (Sigma) monoclonal antibodies in PBST for one hour. After washing the membrane once again, the membranes were
incubated in AP buffer for 10 min. Finally, the proteins on the membrane were visualized
by NBT/BCIP staining (Roche). The protein expression levels on the membrane were
determined using the Image Studio Lite software (LI-COR).
Strep-tagged proteins were detected using chemiluminescence Western blotting. The
protein membranes were air dried for one hour and washed 3 × 5 min in PBST. The membranes were incubated in St-HRP (1:100,000) (Strep-TactinXT Starter Kit, IBA Lifesciences,
Gottingen, Germany) diluted in PBST for one hour. After incubation, the membranes were
washed 2 × 1 min in PBST and 1 × 1 min in PBS. The chemiluminescence reaction was
developed using the Amersham Enhanced Chemiluminescence Detection Reagent Kit (General Electric Healthcare Life Sciences, Chicago, IL, USA) according to the manufacturer’s
protocol. The proteins on the membrane were visualized using the ChemiDoc MP (Bio-Rad,
Hercules, CA, USA).
2.7. LC–MS/MS-Based Glycoproteomic Analysis
CHIKV protein digestion by trypsin was performed according to a filter-aided sample
preparation (FASP) procedure. Briefly, between 60 and 100 µg of CHIKV spike proteins
were concentrated using Microcon 10 kDa cutoff filters. The concentrated proteins were
then dissolved on the filter in 8 M urea (100mM Tris-HCL, pH 7.5) and used for trypsin
digestion before reduction (5 mM dithiothreitol; 30 min at RT) and alkylation (15 mM
iodoacetamide; 30 min at RT in the dark) of the cysteines. After dilution with 0.1 M
ammonium bicarbonate, 20 µL of Pierce Trypsin (0.05 µg/µL, Thermo Scientific) was added
for overnight incubation at 37 ◦ C. After digestion, peptides were recovered from the filters
by centrifugation using 0.1% (v/v) trifluoroacetic acid. The tryptic digests were cleaned
by reverse phase solid phase extraction on Pierce C18 Tips (100ul, Thermo Scientific) and
dried by vacuum centrifugation.
Peptide eluates were dissolved in 40 µL of 2% acetonitrile 0.1% formic acid solution
and 2 µL was injected onto an M-class UPLC (Waters, Milford, MA, USA), trapped onto
a PepSep trap column (2 cm × 100 µm ID, product # PSC21003, PepSep. Using a 65 min
gradient from 2% to 18% (30 min) to 30% (40 min), and finally to 85% acetonitrile in 0.1%
formic acid, peptides were separated on an analytical column (15 cm × 75 µm, 1.9 µm
particle size (PepSep product 15-75-19-nC)) at a flow rate of 200 nl per minute. The column
effluent was on-line connected to a Q Exactive Plus using a Nanospray Flex at 2.2kV spray
voltage. MS acquisition was performed using a DDA method with an alternating MS1 scan
at resolution 70,000 in profile mode, AGC target 3e6, maxIT 50 ms, and a scan range of
500–1400 m/z. Subsequently, 10 MS2 scans were performed in centroid mode, resolution
17,500, AGC target 5e4, maxIT100ms, with an isolation window of 1.6 m/z at NCE = 28 on
with preferred peptide match ions of charges 2, 3, or 4 and a dynamic exclusion window
of 30 s.
The Byonic software package (Protein Metrics, version 3.11.3) was used for glycopeptide analysis. Trypsin was selected as the enzyme and three maximum missed cleavages
were allowed. Searches were performed with a precursor mass tolerance and a fragment
mass tolerance of 10 ppm. Static modifications consisted of the carbamidomethylation of
cysteine residues (+57.02146 Da). Dynamic modifications consisted of the oxidation of methionine residues (+15.99492 Da), deamidation of asparagine and glutamine (+0.98402 Da),
and N-glycosylation on asparagine. Oxidation and deamidation were set as “common”
modifications, and N-glycosylation was set as a “rare” modification through Byonic node.
One rare modification and one common modification were allowed. Common human
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gel an
showed
an additional
highsis of
the cross-linked
proteins proteins
on the denaturing
gel showed
additional
high-molecular
molecular
weight
band of approximately
300 kDa,
which
well
with the
predicted
weight band
of approximately
300 kDa, which
agrees
well agrees
with the
predicted
masses
of 264
masses
ofkDa
264 for
andthe
285
kDa for
the trimeric
spikes
and spikes ΔF configurations,
respecand 285
trimeric
spikes
and spikes
∆F configurations,
respectively (Figure
2C).
tively
(Figure 2C).
Furthermore,
smaller protein
were
for the
BS3
Furthermore,
smaller
protein configurations
wereconfigurations
detected for the
BS3detected
cross-linked
samples,
likely corresponding
internally
cross-linked
monomers.
These were
secreted
cross-linked
samples, to
likely
corresponding
to spike
internally
cross-linked
spikeeither
monomers.
monomers,
or
the
result
of
product
degradation
during
the
purification
and
crosslinking
These were either secreted monomers, or the result of product degradation during the
procedure. and
Although
a substantial
monomer
fraction
was detected,
the Western
blots
purification
crosslinking
procedure.
Although
a substantial
monomer
fraction was
indicate that at least a fraction of the recombinant spikes are trimerized.
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detected, the Western blots indicate that at least a fraction of the recombinant spikes are
trimerized.
Lastly, the glycosylation status of the insect cell-expressed secreted trimeric CHIKV
Lastly,
glycosylation
status
of the insectsites
cell-expressed
secreted trimeric
CHIKV
proteins
wasthe
determined.
Three
N-glycosylation
have been predicted
for CHIKV
glyproteins
was
determined.
Three
for CHIKV
coproteins:
one
on E1 (N141)
and N-glycosylation
two on E2 (N263sites
and have
N273)been
[12].predicted
The N-glycosylation
glycoproteins:
one onusing
E1 (N141)
and two
on E2 (N263
and N273)
[12]. The removes
N-glycosylation
was first evaluated
a PNGase
F treatment,
which
enzymatically
glycan
was
first
evaluated
using
a
PNGase
F
treatment,
which
enzymatically
removes
glycan
residues from N-glycosylated proteins. The PNGase F-treated spike and spike ΔF showed
residues
from
ThetoPNGase
F-treated
spike and
∆FWestern
showed
a reduction
inN-glycosylated
molecular massproteins.
compared
the untreated
samples
on spike
an α-E2
a
reduction
in
molecular
mass
compared
to
the
untreated
samples
on
an
α-E2
Western
blot (Figure 2D). This reduction in molecular mass, caused by the removal of the glycan
blot
(Figure
2D). This
reduction
in molecular
mass, caused
by the removal ofLC–MS/MSthe glycan
residues,
indicated
that
the expressed
glycoproteins
are N-glycosylated.
residues,
indicated
that
the
expressed
glycoproteins
are
N-glycosylated.
LC–MS/MS-based
based glycoproteomic analysis demonstrated that the majority are of the mannose- or hyglycoproteomic
analysis
that theofmajority
are of the
mannosehybrid-type
brid-type N-glycans,
anddemonstrated
a minor proportion
the N-glycans
(<2%)
have aor
complex-type
N-glycans,
and
a
minor
proportion
of
the
N-glycans
(<2%)
have
a
complex-type
structure,
structure, as expected for insect cell-expressed glycoproteins (Figure 3). Only small
differas
expected
for
insect
cell-expressed
glycoproteins
(Figure
3).
Only
small
differences
in
ences in N-glycan composition were observed between the spikes and spikes ΔF. The latN-glycan composition were observed between the spikes and spikes ∆F. The latter showed
ter showed a slightly higher abundancy of mannose-type N-glycans. The mass spectroma slightly higher abundancy of mannose-type N-glycans. The mass spectrometry analysis
etry analysis also revealed three O-glycosylation sites in E1, each site occupied with one
also revealed three O-glycosylation sites in E1, each site occupied with one glycan type
glycan type (T206 HexHAc(2), S266 HexNAc(2), and T315 HexNAc(1)).
(T206 HexHAc(2), S266 HexNAc(2), and T315 HexNAc(1)).

Figure 3. N-glycan composition of the CHIKV spikes with and without furin cleavage site (∆F). Sf21
Figure 3. N-glycan composition of the CHIKV spikes with and without furin cleavage site (ΔF). Sf21
cells were infected with (A) Ac-Spike or (B) Ac-Spike ∆F, secreted spikes were purified from the
cells were infected with (A) Ac-Spike or (B) Ac-Spike ΔF, secreted spikes were purified from the
culture fluid and analyzed for total N-glycan composition using LC–MS/MS-based glycoproteomic
culture fluid and analyzed for total N-glycan composition using LC–MS/MS-based glycoproteomic
analysis.
The bar
bar graph
graph provides
provides aa detailed
The pie
pie chart
analysis. The
detailed description
description of
of the
the detected
detected N-glycans.
N-glycans. The
chart
represents
a
summary
of
the
N-glycan
structure
types.
represents a summary of the N-glycan structure types.

3.2. Production of Secreted CHIKV Spikes in Sf9 Suspension Cells
3.2. Production of Secreted CHIKV Spikes in Sf9 Suspension Cells
Industrial scale production of BEVS-derived products takes place in insect cells grown
Industrialasscale
production
of BEVS-derived
products
takes
place in insect
in bioreactors
suspension
culture.
To evaluate the
potential
for up-scaling
spike cells
progrown
in
bioreactors
as
suspension
culture.
To
evaluate
the
potential
for
up-scaling
spike
duction, Sf9 suspension cells were infected in shake flasks with Ac-Spike and Ac-Spike
∆F
production,
Sf9 suspension
cells
were infected
in shake
flasks
Ac-Spike
andInfections
Ac-Spike
under
previously
determined
optimized
conditions
based
on with
product
yield [8].
ΔF under
previously
determined
optimized
basedthe
onSf9
product
yield
[8]. Infecwere
performed
at a low
MOI of 0.01
TCID50conditions
/cell to enable
cells to
proliferate
in
tions
were
performed
at
a
low
MOI
of
0.01
TCID
50/cell to enable the Sf9 cells to 6proliferate
the first 46 h post infection (hpi) up to a viable cell concentration of 7.8 × 10 cells/mL
in the first
h post
infection (hpi)
up to a titers
viableshowed
cell concentration
of 7.8in×viral
106 cells/mL
(Figure
4A).46The
recombinant
baculovirus
a similar trend
growth,
(Figure 4A).
titers4B).
showed
similar
trend inconcentration
viral growth,
reaching
1 ×The
106 recombinant
TCID50 /mL atbaculovirus
46 hpi (Figure
Whenathe
baculovirus
reaching 1from
× 10646
TCID
/mL at 46 hpi
4B).concentration
When the baculovirus
platplateaued
hpi50onwards,
the (Figure
viable cell
decreased concentration
due to baculoviruseaued from
hpi onwards,
thespike
viable
cell
concentration
duereached
to baculovirusinduced
cell 46
death.
The highest
and
spike
∆F productdecreased
yields were
at 52 hpi
with protein concentrations of 5.8 and 7.6 mg/L, respectively (Figure 4C,D). Thereafter,
the spike protein concentration reduced by cell lysis induced protein degradation. Furthermore, a double band pattern appeared, suggesting the presence of glycosylated and
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induced cell death. The highest spike and spike ΔF product yields were reached at 52 hpi
8 of 13
with protein concentrations of 5.8 and 7.6 mg/L, respectively (Figure 4C,D). Thereafter,
the spike protein concentration reduced by cell lysis induced protein degradation. Furthermore, a double band pattern appeared, suggesting the presence of glycosylated and
non-glycosylatedspikes.
spikes.
Based
on quantified
the quantified
protein
concentrations,
spikes
and
non-glycosylated
Based
on the
protein
concentrations,
spikes and
spikes
spikes
ΔF
produced
in
Sf9
suspension
cells
should
be
harvested
around
50
hpi
to
generate
∆F produced in Sf9 suspension cells should be harvested around 50 hpi to generate optimal
optimalyields.
product yields.
product

Figure4.4.Spike
Spikeand
andspike
spike∆F
ΔFproduction
productionininsuspension
suspensioninsect
insectcells.
cells.The
TheSf9
Sf9suspension
suspensioncells
cellswere
were
Figure
6 cells/mL
6
and
MOI
of
infected
with
Ac-Spike
and
Ac-Spike
ΔF
at
a
cell
concentration
of
2
×
10
infected with Ac-Spike and
∆F a cell concentration of 2 × 10 cells/mL and MOI0.01
of
TCID
50
/cell
in
200
mL
shake
flasks.
Samples
were
taken
evaluate(A)
(A)the
the
0.01 TCID50 /cell in 200 mL shake flasks. Samples
were
takenatatvarious
varioustime
timepoints
points to
to evaluate
viablecell
cellconcentration
concentrationby
byhemocytometer
hemocytometercell
cellcount
countwith
withtrypan
trypanblue
bluestaining,
staining,(B)
(B)recombinant
recombinant
viable
baculovirus titers by end-point dilution assay (threshold indicated by dotted line), and (D) spike
baculovirus titers by end-point dilution assay (threshold indicated by dotted line), and (D) spike
and spike ΔF product concentrations quantified by (C) relative expression to purified CHIKV E3E2
and spike ∆F product concentrations quantified by (C) relative expression to purified CHIKV E3E2
subunit reference sample (R) on an α-E2 Western blot.
subunit reference sample (R) on an α-E2 Western blot.

3.3.Downstream
DownstreamProcessing
Processingby
byStrep-Tactin
Strep-TactinAffinity
AffinityColumn
ColumnPurification
Purification
3.3.
Therecombinant
recombinantbaculoviruses
baculovirusesAc-Spike
Ac-Spikeand
andAc-Spike
Ac-Spike∆F
ΔFwere
wereengineered
engineeredwith
withaa
The
Strep-tag
II
at
the
C-terminus
of
the
E1
protein
replacing
the
transmembrane
domain.
The
Strep-tag II at the C-terminus of the E1 protein replacing the transmembrane domain. The
presence
of
the
Strep-tag
was
confirmed
by
a
Strep-tag
conjugate
St-HRP
and
a
CHIKV
αpresence of the Strep-tag was confirmed by a Strep-tag conjugate St-HRP and a CHIKV α-E2
E2
Western
blot
(Figure
5A).
The
Strep-tag
bands
on
the
St-HRP
Western
blot
correWestern blot (Figure 5A). The Strep-tag bands on the St-HRP Western blot corresponded
sponded
withand
the spike
spike ∆F
andbands
spikeon
ΔFthe
bands
the α-E2
Western
blot, demonstrating
that
with
the spike
α-E2onWestern
blot,
demonstrating
that the spikes
the the
spikes
and∆F
thewere
spikes
ΔF were
indeed Strep-tagged.
and
spikes
indeed
Strep-tagged.
TheStrep-tagged
Strep-taggedspikes
spikeswere
werepurified
purifiedusing
usingaaStrep-Tactin
Strep-Tactinaffinity
affinitycolumn
columntotoclear
clear
The
otherproteins
proteinsand
and
contaminating
baculoviruses
from
spike
product.
proother
contaminating
baculoviruses
from
the the
spike
product.
The The
spikespike
proteins
teins
were
bound
to
the
Strep-Tactin
column,
washed
three
times,
and
eluted
in
three
were bound to the Strep-Tactin column, washed three times, and eluted in three fractions
fractions
0.6,0.8
1.6,
and
mLthe
to retain
the main
proteinincontent
in the
second
elution
of
0.6, 1.6,of
and
mL
to 0.8
retain
main protein
content
the second
elution
fraction.
fraction.
The
and washwere
fractions
were
for the
presence
of CHIKV
proThe
elution
andelution
wash fractions
analyzed
foranalyzed
the presence
of CHIKV
proteins
by α-E2
teins by blot
α-E2(Figure
Western
blot
(Figure 5B),proteins
baculovirus
proteins
by α-GP64
blot and
(FigWestern
5B),
baculovirus
by α-GP64
Western
blotWestern
(Figure 5B),
infectious
baculoviruses
by viral titrations
(Figure
5C).(Figure
The α-E2
ure 5B), and
infectious baculoviruses
by viral
titrations
5C).and
The α-GP64
α-E2 andWestern
α-GP64
blots
showed
70% of
the70%
CHIKV
retained
the second
elution
Western
blotsthat
showed
that
of theproteins
CHIKVwere
proteins
werein
retained
in the
secondfraction
elution
(protein
concentration
of
1.32
mg/L)
without
a
detectable
presence
of
baculovirus
GP64
fraction (protein concentration of 1.32 mg/L) without a detectable presence of baculovirus
proteins (Figure 5B). The contaminating baculoviruses were efficiently cleared by the first
wash step. Although baculovirus proteins were not detected in the elution fractions by
Western blotting, infectious baculoviruses were detected in the second and third elution
fraction by viral titrations. Nonetheless, the baculovirus titers in the elution fractions were
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GP64 proteins (Figure 5B). The contaminating baculoviruses were efficiently cleared by
9 of 13
the first wash step. Although baculovirus proteins were not detected in the elution fractions by Western blotting, infectious baculoviruses were detected in the second and third
elution fraction by viral titrations. Nonetheless, the baculovirus titers in the elution fractions
wereby
reduced
in comparison
to the
filtered
input This
fraction.
This demonreduced
99.98%by
in 99.98%
comparison
to the filtered
input
fraction.
demonstrated
that
strated
that the Strep-Tactin
affinity purification
processclears
efficiently
clears contaminating
the Strep-Tactin
affinity purification
process efficiently
contaminating
baculoviruses
baculoviruses
from
the spike products.
from the spike
products.

Figure
Figure5.5.Strep-Tactin
Strep-Tactinaffinity
affinitycolumn
columnpurification
purificationofofStrep-tagged
Strep-taggedspikes.
spikes.Sf21
Sf21cells
cellswere
wereinfected
infected
with
ΔF. Medium
Mediumfractions
fractionswere
were
harvested,
filtered
purified
withAc-Spike
Ac-Spikeand
and Ac-Spike
Ac-Spike ∆F.
harvested,
0.20.2
µmμm
filtered
andand
purified
using
using
a
Strep-Tactin
affinity
column.
(A)
Secreted
proteins
in
the
filtered
medium
fraction
were
a Strep-Tactin affinity column. (A) Secreted proteins in the filtered medium fraction were analyzed
analyzed
on aα-E2
CHIKV
α-E2blot
Western
blot and Strep-tag-conjugated
St-HRP
Western
blot. (B)
Seon a CHIKV
Western
and Strep-tag-conjugated
St-HRP Western
blot.
(B) Secreted
proteins
creted proteins in the filtered medium, and Strep-Tactin wash and elution fractions were analyzed
in the filtered medium, and Strep-Tactin wash and elution fractions were analyzed on a CHIKV α-E2
on a CHIKV α-E2 Western blot and baculovirus α-GP64 Western blot. (C) Baculovirus titers in the
Western blot and baculovirus α-GP64 Western blot. (C) Baculovirus titers in the filtered medium and
filtered medium and Strep-Tactin elution fractions were determined by end-point dilution assay
Strep-Tactin
elutionby
fractions
were determined by end-point dilution assay (threshold indicated by
(threshold
indicated
dotted line).
dotted line).

4.4.Discussion
Discussion
This
Thisstudy
studydescribes
describesthe
theexpression
expressionand
andpurification
purificationofofsecreted
secretedtrimeric
trimericCHIKV
CHIKV
spikes
spikesfrom
frominsect
insectcells.
cells.The
TheE3E2-E1
E3E2-E1ectodomains
ectodomainsofofCHIKV
CHIKVwere
wereconnected
connectedbybya aflexible
flexible
linker
promotor
ofof
a recombinant
baculovirus.
linkerand
andcloned
cloneddownstream
downstreamofofthe
thepolyhedrin
polyhedrin
promotor
a recombinant
baculovirus.
To
Topreserve
preservethe
thestable
stablepre-fusion
pre-fusionconfiguration
configurationofofthe
theimmature
immaturespike,
spike,a afurin
furincleavage
cleavage
site
mutation
(Ac-Spike
ΔF)
was
introduced
to
prevent
the
cleavage
between
E3E3
and
E2.
site mutation (Ac-Spike ∆F) was introduced to prevent the cleavage between
and
E2.
Western
Westernanalysis
analysisofofthe
themedium
mediumfraction
fractionshowed
showedthat
thatthe
theCHIKV
CHIKVprotein
proteincomplexes
complexeswere
were
secreted
secretedininhigh
highabundancy;
abundancy;ininthe
themature,
mature,furin-cleaved
furin-cleaved(spike)
(spike)ororimmature
immature(spike
(spikeΔF)
∆F)
form.
The
immature
spikes
were
produced
at
a
higher
concentration
than
the
mature,
form. The immature spikes were produced at a higher concentration than the mature,
furinfurin-cleaved
spikes,
which
be a result
of increased
pH insensitivity,
similar
to obcleaved spikes,
which
mightmight
be a result
of increased
pH insensitivity,
similar to
observations
servations
by
others
[24].
BS3
cross-linking
analysis
showed
that
the
spike
monomers
selfby others [24]. BS3 cross-linking analysis showed that the spike monomers self-assembled
assembled
intospikes.
trimericComparable
spikes. Comparable
strategies
were
byto
others
to generate
into trimeric
strategies
were used
byused
others
generate
secreted
secreted
alphavirus
in aand
mature
and immature
form,
whichremarkable
showed remarkable
alphavirus
spikes inspikes
a mature
immature
form, which
showed
similarities
similarities
in crystal to
structure
to thespikes
trimeric
of thevirion
native[14,23].
virion [14,23].
Furtherin crystal structure
the trimeric
ofspikes
the native
Furthermore,
the
more,
the N-glycosylation
of the
spikes produced
in insect
adherent
cells was confirmed
N-glycosylation
of the spikes
produced
in adherent
cellsinsect
was confirmed
by a shift in
byprotein
a shiftsize
in protein
size blot
on Western
blot after
PNGaseand
F treatment,
and by
LC–MS/MS
on Western
after PNGase
F treatment,
by LC–MS/MS
glycoproteomicglycoproteomic-based
Asbands
no additional
blot for
based analysis. As noanalysis.
additional
appearedbands
on theappeared
Western on
blotthe
forWestern
these spikes,
this
these
spikes,that
thisnoindicated
thatintermediates
no processingwere
intermediates
werethe
secreted
from
the adindicated
processing
secreted from
adherent
insect
cells,
herent
cells, so were
all heterodimers
expected to
be completely
glycosylated.
so all insect
heterodimers
expected to were
be completely
glycosylated.
This
correspondsThis
with
previous research
presenting
increased
processing
efficiency
of CHIKV
proteins
the
corresponds
with previous
research
presenting
increased
processing
efficiency
of when
CHIKV
glycoproteins E1 and E3E2 were co-expressed as part of a polyprotein in comparison to
subunits [12,13]. Overall, this suggests that the recombinant baculovirus expression vectors
expressed secreted trimeric CHIKV spikes and furin cleavage site mutant spikes that are
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similar in polymeric state and glycosylation to mature and immature spikes, respectively,
displayed on the native CHIKV virion.
The well-established BEVS in insect cells allows for the scalable production of complex proteins. Here, CHIKV spikes were generated in shake flasks, but this can easily be increased to bioreactor volumes [8,25]. Industrial-scale manufacturing processes
for 2500 L bioreactors have been developed for licensed BEVS-derived vaccines and
therapeutics [26–28]. The final production scale is largely dependent on the product yield,
which can be further optimized for the production of CHIKV spikes. We previously studied
the synergy between the multiplicity of infection, cell concentration of infection, and time
of harvesting [8]. However, adapting other factors such as production cell line, medium
composition, and process mode (e.g., fed batch) can further increase yields as shown for
other recombinant baculovirus-generated protein complexes [29–32]. This highlights the
opportunities for development and optimization of a large-scale production process for
baculovirus-derived CHIKV spikes in insect cells.
One of major challenges for baculovirus-derived human vaccines is the required clarification of co-produced budded baculoviruses during downstream processing. To clear
these contaminating baculoviruses from the CHIKV spike product, a Strep-Tactin affinity
column purification was performed. This greatly reduced the residual baculovirus material, whereas the Strep-tagged spikes were successfully regenerated from the column.
To improve downstream processing and product quality, a protease cleavage site can be
engineered just upstream of the Strep-tag to remove the tag after purification, as we have
recently done for SARS-CoV-2 spike antigens [25]. Alternative large-scale purification
methods such as tangential flow filtration and chromatography can be applied as well,
since the CHIKV spikes and co-produced baculoviruses differ in physical properties (size,
charge, and density). Moreover, novel virion-free strategies are in development to reduce
extensive downstream processing by decreasing the contaminating baculoviruses in the
production phase [33]. Overall, a scalable and cost-effective downstream process should be
designed to extract a pure and high-quality vaccine product.
A critical next step to access the feasibility of the secreted trimeric CHIKV spikes as a
vaccine candidate is the investigation of the immunogenicity of the spikes. Previous studies
on CHIKV VLPs presented strong neutralizing antibody responses, broad cellular immune
responses, and disease protection in mice, non-human primates, and humans, without any
safety or tolerance issues [12,13,24,34–39]. The induced immune responses were mainly
directed against the epitopes on the E1 and E2 glycoproteins [37,39,40]. Although the
E1 and E2 epitope configuration of the BEVS-derived secreted trimeric CHIKV spikes
requires more research, similar immune responses are expected based on adenovirus
vector-expressed trimeric CHIKV spike in vivo studies. These adenovirus vector-expressed
trimeric CHIKV spikes induced the same neutralizing antibody responses and protection as
adenovirus vector-expressed CHIKV VLPs [41,42]. Furthermore, the insect cell-expressed
CHIKV trimeric spikes can also be presented in a VLP configuration by coupling the spikes
to nanoparticles via a SpyTag–SpyCatcher conjugation. This multimeric presentation of
antigens increased neutralizing antibody responses for SARS-CoV-2 spikes and Rift Valley
fever virus glycoprotein head domains [25,43–45]. We also developed a furin cleavage site
mutant to maintain the spike in a pre-fusion state. It is hard to predict the effect of the E3
retention on the spike on the overall immunogenicity, but it has been reported that E3 can
also induce neutralizing antibodies [46]. Furthermore, a previous study on CHIKV VLPs
showed that such a mutation increased the immunogenicity of the vaccine candidate [21].
Additional research is required to verify and compare the immunogenicity of the spike and
furin mutant spike.
This study forms a proof of principle for BEVS-derived secreted trimeric alphavirus
spike vaccine antigens, which overcome the downstream processing challenges of VLP
vaccines but have a similar epitope configuration. As the genome composition and spike
folding of alphaviruses is comparable, this vaccine antigen strategy can also be applied
for other threatening alphaviruses, e.g., Mayaro virus and O’nyong’nyong virus, and
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potentially for multivalent vaccine mixes to protect against co-circulating alphavirus infections [38]. As the trimeric CHIKV spike strategy forms the perfect intermediate between
subunit and VLP vaccines, we propose further development of BEVS-derived alphavirus
trimeric spike vaccine antigens as safe and effective vaccine candidates to protect humans
against CHIKV and other alphavirus outbreaks.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/pr10010162/s1, Figure S1: Native and secreted spike heterodimer precursors amino acid alignment.
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